Photonic synthesis of radio frequency waveforms revived the quest for unrivalled microwave purity by its seducing ability to convey the benefits of the optics to the microwave world. In this contribution, we will present a high-fidelity transfer of frequency stability between an optical reference and a microwave signal via a low-noise fiber-based frequency comb and cutting-edge photo-detection techniques. We will show the generation of the purest microwave signal with a fractional frequency stability below 6.5 × 10 −16 at 1 s and a timing noise floor below 41 zs Hz −1/2 (phase noise below −173 dBc Hz −1 for a 12 GHz carrier). This outclasses existing sources and promises a new era for state-of-the-art microwave generation. The characterization is achieved through a heterodyne cross-correlation scheme with lowermost detection noise. This unprecedented level of purity can impact domains such as radar systems, telecommunications and time-frequency metrology. The measurements methods developed here can benefit the characterization of a broad range of signals.
INTRODUCTION
Microwave signals with ultra-low phase noise are used in a great number of fields, such as radar systems, 1 navigation, long baseline interferometer, telecommunications 2 and time-frequency metrology. 3, 4 Photonic microwave generation methods, like the optoelectronics oscillator, 5 Brillouin oscillator, 6 sideband-injection-locked laser, 7 electro-optical-frequency division 8 and Kerr-frequency-comb oscillator, 9 have attracted a lot of attention in the last two decades as they have very interesting properties, high frequency, large bandwidth, tunability and chip-scale packaging.
In particular, ultra-stable lasers and optical frequency comb based frequency division scheme can produce microwave signals with ultra-low phase noise both in low frequency offset and high frequency offset. 3, [10] [11] [12] [13] [14] In this contribution, we will report on photonic microwave generation with unprecedented phase noise result by this scheme and its characterization.
14 Figure 1 presents the single sideband (SSB) phase noise results comparison of our result with other classic microwave generation methods. 
MICROWAVE SIGNALS GENERATION WITH AN OPTICAL FREQUENCY COMB
Optical frequency combs are lasers that emit with a series of evenly spaced ultra-short pulses, corresponding to discrete equidistant lines in the optical spectrum. 15, 16 Phase locking one of these comb lines to an ultra-stable continue-wave (CW) laser reference ν CW can transfer the spectrum purity of reference to all the other comb lines. The carrier envelop offset (CEO) frequency f 0 is technically removed during the phase locking process so that the fractional frequency stability of optical reference is transferred to the repetition frequency f r and it harmonics.
14 Photodetecting these stabilized optical comb lines, harmonics of f r are obtained until the cutoff frequency of photodiode. Their phase noise power spectral density (PSD) is expected to be (ν CW /f µ ) 2 times lower than the phase noise PSD of reference laser, where f µ is the carrier frequency of harmonics of f r . An ultra-low noise fiber-based optical frequency comb system acts the frequency divider. It consists of three parts: a femtosecond laser, an f-2f interferometer module and erbium-doped fibre amplifiers (EDFA), all made with polarization-maintaining fibre. Based on the nonlinear amplifying loop mirror mode-locking principle, the laser reaches a steady state in a few seconds and can remain in the mode-locked state for several months. The output of femtosecond laser shows a pulse width below 50 fs, with an optical spectrum broader than 60 nm. The
The repetition rate is coarsely tunable over 5 MHz around 250 MHz. An intracavity electro-optical modulator (EOM) provides feedback on the comb repetition rate with a bandwidth of roughly 1 MHz. 18 The laser output is pre-amplified up to 30 mW by a first EDFA and split into two parts that are used to seed the f-2f interferometer for the CEO-frequency detection and by a second EDFA for microwave generation. The second high-power EDFA boosts the optical power up to 350 mW and passively reduces the relatively intensity noise (RIN) through seed saturation. It is pumped by three low-noise single-mode high-power laser diodes, all set to specific currents to avoid parasitic mode hopping. For each diode, the lowest RIN is observed when the current set point is at an equal distance from two successive mode hops. In order to improve the signal-to-noise ratio, a four stages fiber-based Mach-Zehnder interleaver is used at the output of optical frequency comb. 19 Figures 3 displays the electrical PSD after the photodiode. A high linear photodiode with state-of-the-art flicker phase noise, below −140f −1 dBc/Hz, where f is the Fourier frequency offset, is used to convert optical pulses to electrical waveforms.
Compressing the optical pulse duration being photodetected as short as possible, even when it is shorter than the response time of photodiode, is essential to get phase noise result below −173 dBc/Hz at high frequency offset. First, the photocurrent shot noise projection on phase is reduced by compressing the optical pulse duration. 20 Second, we demonstrate the optical pulse duration fluctuation can convert into the phase fluctuation of microwave signal due to the nonlinearity of photodetection recently. 21 Compressing the optical pulse duration will compress its fluctuation at the same time. Thus, decreasing the phase noise that contributed from the nonlinear conversion of optical pulse duration fluctuation. As tens of meters fiber (SMF28) are connected between the optical frequency comb and photodiode, we use the dispersion competent fiber (DCF38) just before the photodiode to compress the optical pulse width. Pulse duration below 0.8 ps is abstained by carefully modifying the fiber length.
Amplitude noise to phase noise conversion (AM-PM) of photodetection of ultra-short optical pulse trains is another limitation to get ultra-low phase noise result. 22, 23 To overcome this limitation, we can optimize the RIN of the comb laser with EDFA saturation effect as mentioned above. We can also employ an active servo loop like reported in Ref. 23 to limit the RIN and stabilize the AM-PM. Furthermore, the AM-PM conversion coefficient depends on the working condition of photodiode like showing in Fig. 4 . By setting suitable bias voltage and photocurrent, AM-PM rejection more than 30 dB and up to 50 dB are typically obtained and used.
PHASE NOISE CHARACTERIZATION VIA DIGITAL CROSS CORRELATION
Combing these forefront optoelectronics devices and cutting-edge techniques, microwave signals with a phase noise below −173 dBc/Hz at 10 kHz offset are made possible. However, characterization of such ultra-low phase noise is a challenge, even more so far high frequency carrier. Phase noise characterization is usually a process that involves comparing a signal from the device under test (DUT) with a reference source. When the signal under test has a lower phase noise than the available reference, two separate but identical systems can be built and compared. The data are then analysed assuming that the two identical systems contribute equally to the phase noise. However, to realize two equally good systems is not straightforward and a minute excess phase noise of the phase comparison system can strongly impact the final result obtained by such methods.
To overcome these limitations, we demonstrate a heterodyne digital cross-correlation scheme based on three similar but independent optoelectronic microwave-generation systems. 21, 24 By frequency mixing the DUT 12 GHz microwave signal with signals from the two auxiliary systems, two beat notes around 5 MHz are obtained. These beat note signals, both of which carry phase information from the DUT, are sent to a field-programmable gate array (FPGA)-based heterodyne cross-correlator where they are sampled by fast analog-to-digital converters, digitally downconverted and processed to generate two independent phase comparison data sets. 24 Crosscorrelation of these two phase-noise data sets converges to the absolute phase-noise PSD of the 12 GHz signal that we want to characterize. The microwave signals generated by the two auxiliary systems act as phase references but do not need to be as good as the signal being characterized. Their uncorrelated noise determines the uncertainty of the estimates of the phase-noise PSD. 25 The measurement noise floor is below −180 dBc/Hz for Fourier frequencies beyond 1 kHz offset. Figure 5 displays the absolute phase noise PSD of generated 12 GHz. The phase noise of the 12 GHz signal sticks almost entirely to the optical phase noise of the reference laser. It indicates a close-to-complete absolute transfer of spectral purity form optics to microwave.
SUMMARY
In conclusion, 12 GHz microwave signals with unprecedented phase noise at both close and far Fourier frequencies are generated with an optical frequency comb. These phase noise results are successfully characterized by a digital cross correlation system. It paves the way to compact, 26 robust and mobile microwave sources with ultra-low phase noise based on reliable technologies that have become readily accessible. 
